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ABSTRACT 16 
Peripheral nerve injury is a common consequence of trauma with low regenerative potential. 17 
Electroconductive scaffolds can provide appropriate cell growth microenvironments and 18 
synergistic cell guidance cues for nerve tissue engineering. In the present study, electrically 19 
conductive scaffolds were prepared by conjugating poly(3,4-ethylenedioxythiophene)-20 
polystyrene sulfonate (PEDOT–PSS) or dimethyl sulfoxide (DMSO)-treated PEDOT–PSS on 21 
electrospun silk scaffolds. Conductance could be tuned by the coating concentration and was 22 
further boosted by DMSO treatment. Analogue NG108-15 neuronal cells were cultured on the 23 




was maintained on all scaffold groups, while showing comparatively better metabolic activity 25 
and proliferation than unmodified silk. DMSO-treated PEDOT–PSS functionalized scaffolds 26 
partially outperformed their PEDOT–PSS counterparts. Differentiation assessments suggested 27 
that these PEDOT–PSS assembled silk scaffolds could support neurite sprouting, indicating 28 
that they show promise to be used as a future platform to restore electrochemical coupling at 29 
the site of injury and preserve normal nerve function.  30 
1. INTRODUCTION 31 
Electroconductive scaffolds have shown great promise in engineering electrically sensitive 32 
tissues such as muscle (e.g. cardiac, skeletal, smooth) and nerve,1 which are highly dependent 33 
on electrochemical signaling between or within cells.2 Materials that are intended to interact 34 
with tissues should be engineered to stimulate the wound healing response. In particular, neural 35 
tissue exhibits low regenerative potential. Since electrical integrity is essential for the repair 36 
and regeneration process of the nervous system, different avenues to improve conduction of 37 
biomaterials and enhance tissue function have been explored over the years, as recently 38 
reviewed.1,3 39 
Conjugated polymers such as polypyrrole (PPy), polyaniline (PANI) and poly(3,4-ethylene-40 
dioxythiophene) (PEDOT) are attractive candidates in tissue engineering due to their versatility 41 
in many biomedical applications and highly electrically conductive nature.4,5 PEDOT is the 42 
most studied polythiophene derivative due to its higher electrical conductivity and chemical 43 
stability.6 Unlike other conductive polymers, PEDOT doped with polystyrene sulfonate 44 
(PEDOT–PSS) is easily dispersed in aqueous solution, it is amenable to solution processing 45 
and retains a significant amount of its conductive properties in physiological conditions.7,8 46 
Accordingly, the use of PEDOT–PSS is a promising candidate for developing conductive 47 




differentiation. PEDOT–PSS transduces charge by both ion and electron/hole exchange.12 Its 49 
conductance can be further optimized by treatment with polar solvents such as dimethyl 50 
sulfoxide (DMSO), a process by which the anionic PSS shells are partially washed away 51 
leading to a shift in the structure of disentangled PEDOT–PSS with more efficient orbital 52 
overlap and interchain packing for charge transport.13 The use of pure conjugated polymers 53 
tends to be limited, though, due to their poor processability, non-degradability, brittle behavior 54 
and tendency to crack attributed to the tight coil-like conformation in the polymer backbone.14 55 
Therefore, they are usually incorporated via blending or coating with another polymer. 56 
An important cue in tissue engineering is the recapitulation of the fibrillary topography of 57 
native tissues, where many of the major components of the extracellular matrix (ECM) exist as 58 
fibers that mediate cellular responses such as attachment, migration, growth, proliferation and 59 
differentiation.15,16 Myriad micro-/nano-fabrication technologies for engineering fibrous 60 
scaffolds for tissue engineering applications have been developed over the years.17 61 
Electrospinning remains the most common technique to manufacture micro-/nano-fibrous 62 
structures at the multiscale with high surface area to volume ratio and defined spatial density 63 
both in 2D and 3D.18  64 
Silk fibroin is readily available from silkworm cocoons (e.g. Bombyx mori), and has been 65 
demonstrated to support the growth of a wide range of cell types in vitro and tissue ingrowth 66 
in vivo.19–21 The relatively ease of its processing, along with the versatility of the physico-67 
chemical and mechanical properties of silk, has made it one of the most commonly used 68 
naturally-occurring proteins for biomedical applications.21,22 Previous studies have reported the 69 
testing and manufacture of electroconductive/active scaffolds based on silks and the 70 
incorporation of carbon-based nanomaterials or metallic nanoparticles, as reviewed in 23. 71 




excellent electrical conductivity for enhanced cellular signaling response. The combination of 73 
PEDOT and silk has been primarily explored in the area of microelectronics,24–30 with some 74 
reports studying their biological response in biosensor devices.31,32 Even less attention has been 75 
paid to hybrid scaffolds made of PEDOT and silk for regenerative medicine applications.33 76 
In this study, fibrous scaffolds based on silk fibroin were fabricated by electrospinning and 77 
rendered conductive by functionalization with PEDOT–PSS or DMSO-treated PEDOT–PSS. 78 
NG108-15 neuronal cells were seeded to assess the biological response of these substrates. The 79 
contribution of PEDOT could enhance the neuronal cell response in terms of adhesion, 80 
proliferation and neurite outgrowth.  81 
2. EXPERIMENTAL SECTION 82 
2.1 Preparation of regenerated silk fibroin 83 
Extraction and purification of silk fibroin (SF) from Bombyx mori was carried out following a 84 
previously described protocol34 based on a degumming process to remove sericin and lithium 85 
bromide dissolution of the degummed fibers, followed by dialysis against water for 3 days. The 86 
resulting regenerated SF solution was cast onto polystyrene dishes (Sigma-Aldrich, UK) and 87 
dried in a forced air-circulation oven (Memmert Universal, Germany). SF films were peeled 88 
off and kept as stock material for further use.  89 
2.2 Fabrication of electrospun silk scaffolds   90 
Regenerated SF films were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Sigma-91 
Aldrich, UK) at 10% w v−1 and subsequently electrospun into fibers. Scaffolds were spun using 92 
a single needle, targeted towards a static collector using a custom-built electrospinning set-up 93 
with the following parameters: continuous flow rate, 0.8 mL h−1; tip-to-collector distance, 10 94 
cm; applied voltage, 15 kV; relative humidity, 25%; needle gauge, 19 G. As-spun scaffolds 95 




transition, dried overnight between filter paper to prevent folding, and stored in a desiccator 97 
for further use. 98 
2.3 Surface functionalization of silk scaffolds with PEDOT–PSS and DMSO-treated 99 
PEDOT–PSS 100 
Electrospun SF scaffolds were functionalized with poly(3,4-ethylenedioxythiophene) 101 
polystyrene sulfonate (PEDOT–PSS) or dimethyl sulfoxide (DMSO)-treated PEDOT–PSS 102 
(Scheme 1A-B), wherein the PEDOT and PSS interact primarily through electrostatic 103 
interactions yielding highly durable conductance on degummed silk-based materials.28  104 
 105 
Scheme 1 (A) Schematic of electrospun silk fibroin scaffolds followed by conjugation with 106 
PEDOT–PSS or DMSO-treated PEDOT–PSS. (B) Schematic of the conformational change of 107 
the PEDOT–PSS structure after treatment with DMSO, from core-shell (i.e. benzoid) towards 108 




Silk fibroin has an isoelectric point at pH 4-5,35,36 meaning the polypeptide fibers will become 110 
positively charged under sufficiently acidic conditions, and the isolelectric point of PSS is ca. 111 
1.2-1.5 dependent on the salt concentration (i.e. deprotonated above pH 1.5),37consequently the 112 
materials were processed under acidic conditions (pH = 2) to ensure a high level of electrostatic 113 
attraction between PEDOT–PSS and silk during processing. PEDOT–PSS aqueous dispersions 114 
were prepared from a commercial solution (pH = 2, supplied at a 1.3% wt. dispersion in water) 115 
(Sigma-Aldrich, UK) at different concentrations (0.5, 1, 3, 9, 13 mg mL−1). SF scaffolds (13 116 
mm diameter, ~100 μm thickness, ~80% porosity and ~15 μm pore dimension) were 117 
submerged (1 mL per scaffold) in the prepared PEDOT–PSS solutions and sonicated in a room 118 
temperature controlled water bath for 1 h (37 Hz; Elmasonic P60H, Germany). Scaffolds were 119 
then rinsed (× 2 times) in deionized (DI) water to remove excess PEDOT–PSS and air-dried 120 
for 2 h at room temperature. This dyeing-drying process was repeated twice. Based on the 121 
PEDOT–PSS solution concentration (ranging from 0.5 to 13 mg mL−1), the functionalized 122 
scaffolds were named SF-0.5P (0.5), SF-1P (1), SF-3P (3), SF-9P (9) and SF-13P (13). 123 
Separately, DMSO-treated PEDOT–PSS solutions were prepared by mixing 95% v v−1 of 124 
PEDOT–PSS with 5% v v−1 DMSO (Sigma-Aldrich, UK), vortexed and allowed to settle 125 
overnight. A similar process as described above was carried out to give SF-0.5PD, SF-1PD, 126 
SF-3PD, SF-9PD and SF-13PD scaffolds. The PEDOT–PSS and DMSO-treated PEDOT–PSS 127 
uptake mass on the produced scaffolds (13 mm diameter, n=3 per scaffold type) was estimated 128 
based on weight differences before and after functionalization, while the concentration was 129 
calculated by taking into account the dilution factor of the solution and the porosity of the 130 
scaffolds. 131 




The zeta potential and particle size of PEDOT–PSS and DMSO-treated PEDOT–PSS were 133 
determined using a Zeta Sizer Nano dynamic light scattering (DLS) instrument (Malvern 134 
Panalytical, SG). Aliquots (n=3 per type) of freshly prepared dispersions (0.2 mg mL−1) were 135 
pipetted into disposable folded capillary cells (DTS1070) (Malvern Panalytical, SG) and used 136 
for measurements in a volume of 750 µL. A refractive index of 1.334 was used for PEDOT–137 
PSS, according to the manufacturer. Three measurements, with 10-100 runs each, were taken 138 
per sample at 25° C with an equilibration time of 30 s. Zetasizer software (Malvern Panalytical, 139 
SG) was used for data analysis.  140 
2.5 Characterization of the scaffolds 141 
2.5.1 Morphology and surface topography 142 
Field emission scanning electron microscope (FESEM) images from different batches of 143 
samples were taken using a JEOL JSM6700F at an accelerating voltage of 5 kV and ~ 8 mm 144 
working distance. Fiber diameter size distribution was analyzed with Fiji 1.28 (NIH, USA); a 145 
minimum of 100 individual fibers per sample were analyzed. 146 
2.5.2 Hard X-ray photoelectron spectroscopy  147 
The surface and bulk-like compositions of the functionalized scaffolds were quantitatively 148 
analyzed with a high-throughput lab-based hard X-ray photoelectron spectroscope (HAXPES, 149 
Scienta Omicron) equipped with a Ga Kα X-ray source (9.25 keV; Excillum). For 150 
measurements, scaffolds were mounted on Omicron flag-style sample plates using double-151 
sided adhesive copper tape. The survey spectra were measured using an EW4000 electron 152 
energy analyzer with 500 eV pass energy and ~2 eV energy resolution. Core level spectra of 153 
elements of interest were measured with 200 eV pass energy and ~0.8 eV energy resolution 38. 154 
Atomic concentrations were calculated based on sensitivity factors for the core levels, as listed 155 




nm, and surface sensitive XPS using a standard Al Kα X-ray source (1.486 keV) was also 157 
performed with a sampling depth of ~11 nm; the operating pressure was 6×10–10 mbar. 158 
Quantitative analysis of spectra was carried out with CasaXPS (v. 2.3.23) processing software 159 
in the range of 160–175 eV (S 2p, XPS, ~11 nm) and 2460–2485 eV (S 1s, HAXPES, ~54 nm) 160 
(Figure S1). The PSS and PEDOT peaks were fitted using Voigt-approximation Gaussian-161 
Lorenztian peaks and the PSS to PEDOT ratios were subsequently calculated.  PSS and PEDOT 162 
are easily identified in the spectra since PSS is chemically shifted by 4 eV to higher binding 163 
energy than PEDOT for the S 2p core level measured with XPS, and 5 eV for the S 1s core 164 
level measured with HAXPES.40 165 
2.5.3 Protein adsorption 166 
The ability of the scaffolds (n=3 per type) to adsorb protein was evaluated with bovine serum 167 
albumin (BSA) (Sigma-Aldrich, UK), quantified with a Pierce™ bicinchoninic acid (BCA) 168 
protein assay kit (Thermo Fisher Scientific, UK) based on the amount of remaining BSA in 169 
solution after adsorption. Samples were incubated at 37°C overnight in 1 mL of 500 μg mL−1 170 
BSA in DI water. Absorbance was measured at 562 nm using a microplate reader (Infinite 171 
M200) (Tecan Life Sciences, SG). The amount of protein was calculated using a standard curve 172 
obtained from BSA within the range of measured concentrations. All samples were conducted 173 
in triplicate. Scaffolds incubated in DI water served as blanks, and DI water was used as 174 
negative control. 175 
2.5.4 Surface roughness 176 
Surface morphology was assessed using a Countour GT-K1 3D optical profilometer (Veeco, 177 
USA). Briefly, scaffolds (n=2 per type) were placed on glass coverslips and fixed with ethanol 178 
to ensure a near flat surface. They were then pre-conditioned in supplemented culture media 179 




imaged in vertical scanning interferometry mode. A total of 10 micrographs (66 μm × 87 μm) 181 
were taken per sample at different fields of view, with an average of five measurements per 182 
image. Analysis of the surface roughness (arithmetical mean surface height (Sa) and root mean 183 
square surface height (Sq)) based on 3D profile ordinates was performed with the Vision64 184 
Map™ (Bruker, USA) software.  185 
2.5.5 Electroconductive properties  186 
An automated 4-point probe electrical conductivity and resistivity station (A4P-200 187 
MicroXACT) connected to a combined DC current source and digital voltmeter (Jandel 188 
RM3000) was used for the experiments.10,41,42 Conductivity was estimated at room temperature 189 
(~20°C) in four different locations on each scaffold (n=4 per type), in the dry state and in the 190 
hydrated state after overnight incubation in phosphate buffered saline (PBS). Excess water was 191 
removed using blotting paper prior to taking the readings. 192 
2.5.6 Chemical structure 193 
Chemical bond analysis of the functionalized scaffolds was conducted using Fourier transform 194 
infrared (FTIR) spectroscopy. PEDOT–PSS and DMSO-treated PEDOT–PSS solutions were 195 
cast on a petri dish, let air-dry overnight and peeled off as films for comparison. FTIR spectra 196 
were taken with a PerkinElmer 2000 spectrometer equipped with a zinc selenide (ZnSe) crystal 197 
in attenuated total reflectance (ATR) mode, in the range 4000-600 cm−1 and resolution 4 cm−1, 198 
with 32 scans taken per measurement.  199 
2.6 In vitro study 200 
2.6.1 NG108-15 culture  201 
Analogue NG108-15 neuronal cells were grown in NG108-15 growth medium as previously 202 




For cell culture experiments, functionalized scaffolds (13 mm diameter) were positioned onto 204 
CellCrown™ polycarbonate inserts (Scaffdex Oy, Finland) for 24-well plates. Scaffolds were 205 
maintained in molecular biology grade water (AccuGENE™) (Lonza, UK) for 24 h, air-dried 206 
and sterilized under UV light (30 min on each side, top and bottom) in a class II biosafety 207 
cabinet. Glass coverslips (CV) (12 mm diameter, 0.13-0.16 mm thickness) (VWR, UK) served 208 
as positive controls. Scaffolds were preconditioned in supplemented media and seeded at a 209 
density of 20,000 cells per well with minimum media to ensure maximum cell attachment (~2 210 
h) before being topped up to 1 mL. The culture was maintained for 7 days, with half of the 211 
medium changed every other day.  212 
2.6.2 Cell viability, metabolic activity and proliferation  213 
Cellular viability was measured at specific time intervals on cells on the scaffolds (n=2 per 214 
type) with a LIVE/DEAD® viability/cytotoxicity fluorescence kit (Thermo Fisher Scientific, 215 
UK) following the manufacturer’s instructions. Samples were 3D imaged using a TCS SP8 216 
confocal laser scanning microscope (Leica Microsystems, UK). Data is expressed as the 217 
percentage of live cells versus non-viable/dead cells, analyzed from several fields of view.  218 
The metabolic activity of cells on the scaffolds (n=3 per type) was monitored with the 219 
alamarBlue™ reduction assay based on resazurin sodium salt (Sigma-Aldrich, UK). Metabolic 220 
activity is expressed relative to dsDNA concentration – quantified using a Quant-i™ 221 
PicoGreen® dsDNA assay kit (Thermo Fisher Scientific, UK) following the manufacturer’s 222 
instructions. Cellular proliferation is expressed in terms of cell number, estimated based on a 223 
single cell’s DNA content.44 224 
2.6.3 Differentiation and neurite outgrowth  225 
To induce terminal differentiation, cells were grown in serum-free culture media. The culture 226 




other day. After 5 days of culture, cell-laden scaffolds (n=2 per type) were harvested, fixed, 228 
permeabilized and blocked against non-specific binding. Differentiated cells on the scaffolds 229 
were stained with polyclonal rabbit anti-mouse/rat ß-tubulin III (Abcam, UK) conjugated to 230 
Alexa Fluor® 488 (Abcam, UK) (1:1000 v v−1 dilution). Cell nuclei were counterstained with 231 
4,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich, UK). Samples were 232 
mounted and 3D imaged with a TCS SP8 confocal laser scanning microscope (Leica 233 
Microsystems, UK).  234 
For analysis of cell differentiation, neurite length was determined on a cell-by-cell basis on 235 
each scaffold type from immunofluorescent micrographs using Fiji software. Only cell 236 
processes longer than 30 µm were considered for analysis, with a minimum of 10 neurites 237 
analyzed per sample.  238 
2.7 Data analysis 239 
Statistical analysis was performed with GraphPad Prism 8 (San Diego, USA), and datasets 240 
checked for normality. Normally distributed data is presented as standard deviation (SD, error 241 
bars) of the mean values. For parametric data and multiple comparisons, significance was 242 
assessed by one-way ANOVA (one independent variable) or two-way ANOVA (two 243 
independent variables) using Tukey’s post hoc analysis test. For comparing parametric data 244 
between two groups, two-tailed unpaired Student's t-test was used. Not normally distributed 245 
data was assessed by Kruskal-Wallis with Dunn’s post hoc analysis test. A value of p<0.05 246 
was considered statistically significant.  247 
3. RESULTS AND DISCUSSION 248 
This work aims to develop an electroconductive silk-based scaffold which can enhance 249 
maturation and physiological properties of engineered nerve tissues. For this purpose, the 250 




electroconductive property of PEDOT–PSS, which was further boosted by DMSO treatment. 252 
Treatment of PEDOT–PSS with DMSO resulted in an increase in particle size (Figure S2A) 253 
based on DLS analysis,11 with no significant change in surface charge (Figure S2B). It has 254 
been reported that the geometry of PEDOT–PSS changes from coil-structure towards a more 255 
linear-extended morphology after DMSO treatment.45 While the DLS technique assumes a 256 
spherical model acceptable for PEDOT–PSS, it can still provide a reasonable estimate of the 257 
order of magnitude in the case of DMSO-treated PEDOT–PSS.  258 
Native neural tissue is comprised of several structural fibrillary proteins ranging from several 259 
nanometers to micrometers in diameter.46 Consequently, the fabrication of biomimetic fibrous 260 
structures plays a key role in the properties of tissue engineered scaffolds. Visual appearance 261 
and fiber morphology of the scaffolds are shown in Figure 1A-B. Compared to neat silk, which 262 
is whitish in appearance, scaffolds became increasingly darker blue upon functionalization, 263 
qualitatively indicating that the coverage amount on the scaffolds increased gradually with 264 
increasing amounts of PEDOT–PSS or DMSO-treated PEDOT–PSS. Likewise, increased mass 265 
uptake of PEDOT–PSS or DMSO-treated PEDOT–PSS on the scaffolds was observed at 266 
increasing coating concentration (Table S1). This was further confirmed by FESEM analysis. 267 
FESEM micrographs revealed PEDOT particles attached on the surface of the fibers to 268 
different extents based on the coating concentration, with some inter-fiber pores partially 269 
occluded at high coating concentrations. The random fiber distribution and inter-fiber porosity 270 
of the scaffold may have favored this. In contrast, a highly aligned fibrous scaffold with 271 
increased fiber packing density and diminished porosity47 is more likely to reduce the inter-272 
fibre pore dimension,48 which may in turn affect the penetrating efficiency of PEDOT–PSS. 273 




after functionalization compared to neat silk. The average fiber diameter size remained ~0.5 275 
μm for all samples.  276 
 277 
Figure 1 Effect of PEDOT–PSS and DMSO-treated PEDOT–PSS conjugation on scaffold 278 
microstructures. (A) Representative visual appearance and FESEM micrographs of the 279 
different scaffolds after functionalization at increasing concentration; scale bars at 3 mm and 280 
900 nm, respectively. (B) Representative visual appearance and FESEM micrograph of neat 281 
silk; scale bars at 3 mm and 2 μm, respectively. (C) Fiber diameter size distributions of the 282 




Wallis with Dunn’s test, compared to unmodified silk. n.s non-significant, *p<0.05, **p<0.01, 284 
***p<0.001, ****p<0.0001. 285 
The long-term stability of the PEDOT–PSS and silk fibroin interface had been previously 286 
demonstrated.28 Under acidic conditions for PEDOT–PSS and DMSO-treated PEDOT–PSS, a 287 
minimal decrease in conductivity was observed after several consecutive dry-cleaning cycles, 288 
confirming the importance of favorable electrostatic interactions.28 Under less acidic 289 
conditions, functionalization was less successful.28 290 
The relative percentage of sulfur (S) in the produced scaffolds, representing PEDOT and PSS, 291 
is shown in Figure S3A in a concentrated-dependent manner at increasing coating 292 
concentration after functionalization. As expected, higher relative S percentage is observed at 293 
the surface (~11 nm) rather than at the bulk-like (~54 nm) of the scaffolds. A decrease in the 294 
relative ratio of PSS to PEDOT both at the surface and bulk-like of the scaffolds was also 295 
observed (Figure S3B) after DMSO-treated PEDOT–PSS functionalization. This is likely to 296 
be due to the accepted conclusion that DMSO treatment of PEDOT–PSS removes excess of 297 
anionic PSS chains, in line with previous studies on films.49,50 We show this is also true for the 298 
fibrous functionalized scaffolds investigated here. 299 
The ability of the scaffolds to adsorb and retain bovine serum albumin, as a model protein, was 300 
investigated to assess the functionalized scaffolds. Cell-material interactions can be affected 301 
by surface chemistry and the physical features of the substrate onto which cells adhere.51 For 302 
instance, differences in surface roughness have been shown to modulate cell adhesion, 303 
proliferation and differentiation of a variety of different cell types through surface adsorption 304 
of proteins.52,53 The amount of BSA retained on the scaffolds is shown in Figure 2A. Greater 305 
amounts of protein were adsorbed on the functionalized scaffolds, further boosted at increased 306 




to unmodified silk, no significant differences were observed among the various functionalized 308 
scaffolds (Figure 2B, Figure S4). Therefore, the greater protein adsorption observed here at 309 
increased PEDOT content could have primarily been influenced by alterations in local 310 
electrostatic interactions54,55 and by electrical charges56 attributed to the endogenous electrical 311 
regimes of the conjugated polymer. Indeed, BSA is negatively charged under physiological 312 
conditions since its isoelectric point is around 4.7.57 If anionic PSS is partially washed away 313 
during PEDOT–PSS treatment with DMSO,13 the scaffold’s surface will be less negatively 314 
charged which will clearly have an effect on the adsorption of proteins and other biomolecules 315 
on their surfaces (Figure 2A). 316 
 317 
Figure 2 Effect of PEDOT–PSS and DMSO-treated PEDOT–PSS on protein adsorption, 318 




scaffolds (n=3 per type). (B) Quantitative analysis of surface roughness of the scaffold (n=2 320 
per type). (C-D) Electroconductivity of the scaffolds (n=4 per type) in the dry and hydrated 321 
states. Differences between the experimental groups were analyzed by two-way ANOVA with 322 
Tukey’s post hoc test. n.s. non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 323 
Electrical conductivity of the scaffolds was estimated via 4-point probe testing (Figure 2C-D, 324 
Table S2). Neat silk can be considered as a low proton/ion conductor;58 here the scaffolds 325 
became highly conductive with the incorporation of PEDOT–PSS. Conductance could be tuned 326 
in the dry state in the range ×10−5 to 10−1 S cm−1 by varying the coating concentration used for 327 
functionalization (Figure 2C). Treatment of PEDOT–PSS with DMSO resulted in a substantial 328 
enhancement of the conductivity of the scaffolds compared with their PEDOT–PSS 329 
counterparts. Indeed, several methods have been investigated to boost PEDOT–PSS 330 
conductivity.45,59,60 Solvent treatment with DMSO is widely used amongst other polar solvents 331 
such as methanol, dimethylformamide, tetrahydrofuran or ethylene glycol.59 It has been 332 
postulated that the PSS chains are partially washed away during solvent treatment,60 with the 333 
structure of PEDOT changing from benzoid (i.e. coil conformation) to quinoid (i.e. linear-334 
extended coil conformation).45 Disentangled PEDOT–PSS leads to alterations in orbital 335 
overlap and more efficient interchain packing,  inducing the formation of π-stack lamellas and 336 
creating a better pathway for charge transport, thereby boosting conductivity.13 Conductivity 337 
of the scaffolds was also characterized in a wet state after hydration overnight (Figure 2D). No 338 
predominant changes were reported compared to their dry-state counterparts (Table S2). This 339 
suggests that the electron/ion charge provided by PEDOT tends to dominate over the ionic 340 
charges mainly attributed to the aqueous environment. In this regard, some authors have 341 
observed an increase in conductivity when scaffolds have been saturated in culture media or 342 




decrease.1,61 This demonstrates the difficulty to decouple the electronic contribution of 344 
conductive moieties with respect to the ionic contribution of buffered electrolytes. Favorable 345 
electrostatic interactions between PEDOT–PSS and silk fibroin had been previously 346 
demonstrated to maintain stable conductive properties over time,28 but it is expected that with 347 
sufficiently long periods of incubation, some particles would end up being detached. This 348 
strategy is not one without limitations, and longer stability may be achieved by forming 349 
interpenetrating networks by means of in situ polymerization of the monomers on the scaffold.6 350 
FTIR-ATR was performed (Figure 3) to explore the change of the surface chemical groups on 351 
the scaffolds. The typical fingerprint regions of silk were observed in the spectrum of the neat 352 
sample, with peaks corresponding to the amide I (1700-1600 cm−1), II (1600-1500 cm−1) and 353 
III (1300-1200 cm−1) bands.62 The bands corresponding to the amide I and II regions slightly 354 
shifted after coating with PEDOT–PSS or DMSO-treated PEDOT–PSS. These changes suggest 355 
that PEDOT–PSS interacts (e.g. electrostatic interactions and hydrogen bond interactions) with 356 
the silk (notable as sulfate anions [like those displayed on PSS] are kosmotropic anions that 357 
encourage “salting out” of protein chains from solution). The characteristic vibration 358 
frequencies corresponding to β-sheets were present in all functionalized scaffolds, indicating 359 
the retention of the secondary structure of silk after the chemical modification process with 360 
PEDOT–PSS. The intensity of the silk peaks gradually decreased with increasing concentration 361 
of PEDOT–PSS on the scaffolds. The peak corresponding to the amide III region (1300-1200 362 
cm−1) was not fully observed in the spectra at high coating concentrations. Some distinguishing 363 
peaks previously reported typical of PEDOT–PSS24 could be observed in the spectra: peaks at 364 
around 1005 (SO3 symmetric stretching vibrations),63 976 and 835 cm−1 (C–S–C deformation 365 




stretching vibrations.64 FTIR-ATR spectra of PEDOT–PSS and DMSO-treated PEDOT–PSS 367 
are shown in Figure S5.  368 
 369 
Figure 3 Representative FTIR spectrum showing the typical fingerprint of silk fibroin, along 370 
with some characteristic peaks attributed to PEDOT–PSS.  371 
Here we demonstrate that systematic variations in the formulation of PEDOT–PSS result in 372 
silk-based scaffolds with highly tunable electroconductivity. These scaffolds may support the 373 
electrical pathways of nerve tissue by aiding in the propagation of electrical signals among 374 
neurons. Nerve tissues are electrically sensitive, and neurons rely on electrical stimuli for 375 
maintaining tissue homeostasis and function. Electroconductive scaffolds hold great potential 376 
for nerve tissue engineering since they can promote the propagation of electrical impulses. The 377 
ability of the functionalized scaffolds (PEDOT–PSS and DMSO-treated PEDOT–PSS; coating 378 
concentrations at 0.5 mg/mL – low, 3 mg/mL – medium, and 13 mg/mL – high) to support 379 




Presence of low to high contents of PEDOT–PSS or DMSO-treated PEDOT–PSS on the 381 
scaffolds did not have major cytotoxic effects over the cell culture period compared to glass 382 
coverslip or unmodified silk (Figure 4, Figure S6). Representative confocal micrographs of 383 
viable and non-viable cells laden on the various scaffolds are shown in Figure 4A and Figure 384 
S6A, indicating increased cell coverage in a time-dependent manner. After 7 days of culture, 385 
cells on the scaffolds remained highly viable for every group tested (Figure 4B, Figure S6B).  386 
 387 
Figure 4 (A-D) Cellular viability, metabolic activity and proliferation of NG108-15 cells on 388 
PEDOT–PSS and DMSO-treated PEDOT–PSS functionalized scaffolds (low, medium, and 389 
high coating concentration) over a 7-day period. (A) Representative confocal micrographs 390 
showing cellular viability: viable cells are labeled with calcein AM (green) and dead cells are 391 
labeled with ethidium homodimer-1 (red); scale bar at 250 μm. (B) Semi-quantitative analysis 392 


















































































































































































































































































of the percentage of viable and non-viable cells after 7 days of culture (n=2 scaffolds per type). 393 
(C) Metabolic activity relative to dsDNA content (n=3 scaffolds per type). (D) Cellular 394 
proliferation (n=3 scaffolds per type). Differences between the experimental groups were 395 
analyzed by two-way ANOVA with Tukey’s post hoc test. n.s. non-significant, *p<0.05, 396 
**p<0.01, ****p<0.0001; (with respect to silk fibroin: Ap<0.05; Bp<0.01; Cp<0.001; 397 
Dp<0.0001). 398 
The metabolic activity of NG108-15 cells seeded on the scaffolds (Figure S7A) is shown as a 399 
function of the dsDNA concentration in Figure 4C, giving an indication of the metabolic 400 
activity of the culture relative to the number of cells present on it. Cells remained metabolically 401 
active on all scaffold groups, with their profile increasing steadily over time. Cells were 402 
metabolically more active on the functionalized scaffolds compared to unmodified silk. No 403 
significant differences were observed between the DMSO-treated PEDOT–PSS and PEDOT–404 
PSS counterparts, but the tendency observed was for cells to be metabolically more active on 405 
scaffolds functionalized at higher coating concentration. Cellular proliferation, on the other 406 
hand, exhibited a different trend (Figure 4D, Figure S7B), demonstrating greater cellular 407 
response on the functionalized scaffolds at the DMSO-treated PEDOT–PSS interface as 408 
opposed to PEDOT–PSS. Scaffolds functionalized with the high coating concentration 409 
exhibited lower proliferation after 7 days of culture. This indicates that while low to medium 410 
contents of PEDOT could be beneficial to NG108-15 cells, too much coating may hinder their 411 
proliferation.  412 
The outgrowth of neurites and axonal elongation is under complex control and is essential for 413 
building functional neural circuits during regeneration, vital for the function of neuronal cells. 414 
Differentiation of NG108-15 cells on the scaffolds was morphologically assessed after 5 days 415 




Figure S8). Differentiation potential was semi-quantitatively measured in terms of neurite 417 
length (Figure 5B). All scaffolds supported neurite differentiation as demonstrated by neurite 418 
sprouting; while some differences were observed among the different scaffold groups, only the 419 
SF-3PD scaffold showed significantly (p<0.05) greater average neurite extension compared to 420 
unmodified silk. Taking together the biological and physico-chemical results, DMSO-treated 421 
PEDOT–PSS functionalized scaffolds tend to outperform their PEDOT–PSS counterparts. 422 
Among all scaffolds tested, the SF-3PD group seems to be the best model to take for further 423 
assessment.  424 
 425 
Figure 5 (A) Representative confocal micrographs showing differentiated cells on PEDOT–426 
PSS and DMSO-treated PEDOT–PSS functionalized scaffolds (low, medium, and high coating 427 
concentration), immunolabeled with ß-tubulin III (green) as a marker of neuronal 428 
differentiation and cell nuclei counterstained with DAPI (blue); scale bar at 100 μm. (B) Semi-429 




between the experimental groups (with respect to silk fibroin) were analyzed by one-way 431 
ANOVA with Tukey’s post hoc test; n.s non-significant; *p<0.05. 432 
The increased cellular responses observed after functionalization may be explained by the 433 
presence of PEDOT. Conjugated polymers can interact with and release ions into solution.10 434 
This in turn may affect ion flux and extracellular membrane potential fluctuations, endowing 435 
the scaffold with enhanced biological activity mediated by cell-surface interactions.65 436 
Furthermore, the inherent electrical conductivity of the substrates and greater protein 437 
adsorption observed at increased coating concentration may have played key roles in 438 
modulating the cellular response. Previous studies have reported better neuronal PC12 and 439 
neuronal stem cell adhesion and proliferation on freeze-dried chitosan/gelatin scaffolds after 440 
PEDOT incorporation, along with enhanced differentiation.9,10 In a subsequent study, cell 441 
adhesion efficiency of PC12 neurons and gene expression levels linked to synapse growth were 442 
also improved at increased hyaluronic acid-PEDOT content on similarly developed 443 
chitosan/gelatin scaffolds.66 As previously reviewed,1 some authors have attributed these 444 
improvements to the electrostatic interactions between the electroconductive moieties and the 445 
negatively charged cell membrane,67 or to changes in the local electrostatic charge of the 446 
scaffold.56 While the incorporation of an electroconductive enhancer during scaffold synthesis 447 
may contribute to increased surface roughness (known to affect protein adsorption and eventual 448 
changes in the cellular response such as cell adhesion), differences here were no significant 449 
among the different functionalized samples. Therefore, changes in the biological response of 450 
the scaffolds may be attributed to the synergic contribution of the endogenous electrical 451 
regimen conferred by the presence of PEDOT–PSS and further enhanced by DMSO-treated 452 
PEDOT–PSS, enhanced protein adsorption of the substrates, and the more negatively charged 453 




the cell-material interface. Indeed, the cell membrane is negatively charged and a possible 455 
explanation for the decrease in proliferation observed on the PEDOT–PSS counterparts, as 456 
opposed to functionalization with DMSO-treated PEDOT–PSS, is the presence of more anionic 457 
PSS chains,8 as confirmed by HAXPES (Figure S3). The lower cellular proliferation observed 458 
for the high coating concentration may have been due to reduced inter-fiber porosity (Figure 459 
1A), which could have affected initial cell attachment. The presence of DMSO, even in very 460 
low concentrations, is known to inhibit neuronal cell activity.68–70 The fact that the cellular 461 
response was not impaired on the DMSO-treated PEDOT–PSS functionalized scaffolds, but 462 
rather enhanced over their PEDOT–PSS counterparts, confirms that it is unlikely that there is 463 
any presence of DMSO remaining and leaking out into the culture after the preparation steps 464 
for cell culture. The cellular response of these scaffolds could be further controlled by grafting 465 
multiple combinations of different extracellular matrix (ECM) components such as laminin or 466 
peptide sequences known to direct neuronal cell behavior (e.g. IKVAV or GYIGSR).71 467 
However, grafting such biomolecules on top may impair the endogenous electroconductive 468 
stimuli from PEDOT–PSS. One way around is to incorporate into the system inherent 469 
electrically conductive biomolecules, such as reflectin72,73 or melanin,74,75 with demonstrated 470 
efficacy in tissue engineering strategies such as nerve repair.72,75,76 471 
Nevertheless, how intracellular cell signaling pathways are specifically modulated to control 472 
neuronal cell activity remains to be explored. Integrins and other proteins of the native ECM 473 
may redistribute and cluster in response to the conductive polymer, initiating signaling 474 
transduction cascades that alter cell behavior.77 On the other hand, intracellular ion levels such 475 
as Ca2+ seem to play an important role in regulating neuronal cell behavior.78–80 In that respect, 476 
it has been postulated that conductive substrates may increase intracellular ion levels in 477 




activated specific voltage-ion gated channels of the neuronal cells, leading to the differing cell 479 
responses observed. Whether it is conductivity or a cascade of secondary effects, or more likely 480 
a synergy of them all, the study presented here represents an important step forward in the 481 
benefits of using conductive substrates for regenerating electrically sensitive tissues, and 482 
increases our knowledge about the biological response of electrically excitable cells on 483 
PEDOT–PSS assembled silk interfaces. The conductivity of native tissue has been reported 484 
≥10−4 S cm−1,82 and therefore the SF-3PD scaffold could be a suitable candidate to be further 485 
explored for nerve tissue engineering applications. 486 
4. CONCLUSIONS 487 
Electroconductive fibrous scaffolds were produced by electrospinning, synthesized from 488 
naturally occurring silk fibroin protein and functionalized with PEDOT–PSS or DMSO-treated 489 
PEDOT–PSS. These functionalized assembled silk-based scaffolds provided an 490 
electroconductive environment with enhanced morphological and electrical properties, readily 491 
tunable by varying the concentration of PEDOT–PSS and further boosted by DMSO treatment. 492 
No significant differences in surface roughness were observed among the different 493 
counterparts, but protein adsorption capacity substantially increased in a concentrated-494 
dependent way. The ability of these electroconductive silk scaffolds to modulate growth and 495 
differentiation of NG108-15 cells was evaluated in vitro. Metabolic activity was enhanced at 496 
increased coating concentration compared to unmodified silk, but no differences were observed 497 
between DMSO-treated PEDOT–PSS and PEDOT–PSS counterparts. DMSO-treated 498 
PEDOT–PSS functionalization led to enhanced cellular proliferation compared to PEDOT–499 
PSS. Cells remained viable in all scaffolds tested, and neurite sprouting was supported during 500 
the differentiation phase. Specifically, the SF-3PD scaffold (i.e. DMSO-treated PEDOT–PSS 501 




in terms of metabolic activity, cellular proliferation and neuronal differentiation. Overall, these 503 
electroconductive scaffolds show promise to potentially be used as platforms for peripheral 504 
nerve regeneration, and further investigation should be warranted. The electrical conductivity 505 
of these scaffolds in its relation to external electrical stimulation (i.e. direct, capacitive or 506 
inductive electrical stimulation) could be explored in the future to further promote neuronal 507 
differentiation and neurite outgrowth, along with an electrophysiological study of voltage-508 
gated calcium channels – as well as bioelectronic interfaces for read-outs and sensing. 509 
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